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Abstract: Gold interdigitated nanowire electrode arrays (INEAs) (∼100 nm wide, ∼50 nm 
high, ∼45 µm long and ∼500 nm spacing) on a Si/SiO2 chip substrate were fabricated and 
characterised. Arrays were employed in both non-generator-collector (non-GC) mode (one 
array electrically connected) and in generator-collector (GC) mode (both arrays electrically 
connected). In non-GC mode, the individual arrays were confirmed to behave as 
microelectrodes arising from linear diffusion to the total area of the array. By contrast, in GC-
mode, arrays displayed steady-state electrochemical behaviour arising from enhanced 
diffusion to the nanowires and redox cycling (RC) between adjacent electrodes. Finite 
element simulations were investigated to explore the effect of altering connected and non-
connected electrodes on the diffusional behaviour of the arrays with 500 nm separations. 
They correlated well with the experimental observations for the influence of the collector 
electrode potential on redox reactions taking place t the generator for a range of scan rates. 
The suitability of the gold INEAs towards iron sensing in water is also reported. A calibration 














0.01 µM (0.6 µg.L-1) well below the permitted level in drinking water. Finally, iron 
determination in tap water using a standard addition technique is presented. 
 
Keywords:  
Nanowire array, Interdigitated, on-chip, simulation, generator-collector, redox cycling, iron 
sensor. 
1. Introduction 
Recent advances in micro and nanofabrication techniques[1, 2] have enabled the fabrication 
of structures with controllable dimensions in the nanoscale. These have facilitated the 
development of novel devices such as electrochemical sensors for a wide range of 
applications including environmental, healthcare and security sensing[3-5]. For example, 
gold nanoelectrodes with critical dimensions less than 100 nm have been fabricated on 
silicon-based substrates with top-down approaches such as electron beam[6], nano[7] or 
focused ion beam lithography[8] and then combined with optical lithography to integrate on-
chip interconnection tracks and on-chip counter and(pseudo)-reference electrodes[9, 10]. 
Nanoelectrodes by comparison with state-of-the-art microelectrodes display significantly 
improved electro-analytical characteristics arising from further enhanced mass transport, i.e., 
their critical dimensions are considerably smaller than the analyte diffusion layers formed 
during electroanalysis resulting in the fast establishment of steady-state analyte mass transfer 
by radial diffusion[11-13]. Furthermore, nanoelectrode arrays may be diffusionally 
independent under well-defined conditions such that t e current is proportional to the number 
of nanoelectrodes present[14].   
However, there are some limitations and we have shown that such arrays require micron-














nanowires per unit area[15, 16]. They may also experience relatively large charging currents 
(especially at high scan rates) and in such scanarios to identify changes in faradaic currents it 
is necessary to digitally subtract background currents from the overall recorded signals which 
then adds to the complexity of the system and analysis[17, 18]. To overcome these 
limitations, nanoelectrode arrays may be designed to enable RC analysis, i.e., repetitive 
analyte redox reactions occurring between adjacent el c rodes. The basic concept of RC and 
its use for signal amplification has been well documented[19-25]. Typically, RC relies on two 
individually addressable working electrodes whereby one electrode, the generator, may be 
biased at one potential, while at the same time the ot r electrode, the collector, may be 
biased with a different potential such as used in the well known mm scale rotating ring-disc 
electrode arrangement. More recently a number of electrode configurations supporting RC 
have been reported based on micro and nanoelectrodes and gaps, including: combined 
rotating-microdisc electrodes[26], paired microband electrodes[27] recessed dual-ring 
nanopores[24] and interdigitated electrode arrays[28]. In the case of the latter arrays N 
generator electrodes are typically surrounded by N+1 collector electrodes with an inter-
electrode distance on the order of micrometres to nanometres thus enabling efficient analyte 
diffusion and collection under GC control[20, 21, 29]
RC is optimised with enhanced signal amplification when the analyte redox reaction is fully 
reversible. Effectively, in GC mode, a reversible el ctroactive species cycles back and forth 
between the generator and collector, which provides a fresh (regenerated) supply of analyte to 
the electrodes. This RC gives rise to significant current amplification over electrode arrays 
operating in non-GC mode[27, 28, 30]. Furthermore, holding the generator or collector at 
constant potentials during data analysis minimises background charging currents. Thus, 














demonstrate advantageous electrochemical properties wh n compared to microelectrodes[24] 
and they may be fabricated at higher density. 
Iron concentration in drinking water varies worldwie depending on several factors, such as 
the iron salts used as coagulating agents in water-treatment plants or the pipe material used 
for water distribution. In Europe the permitted limit for iron in drinking water, based on the 
World Health Organisation guidelines is 200 µg.L-1 (3.6 µM)[31]. Spectrometric techniques, 
e.g., inductively coupled plasma mass spectrometry, are widely used to monitor iron content 
in drinking water[32], however based on the experimntal complexity of the analysis 
equipment it is generally restricted to lab environme ts. By contrast, electrochemical 
techniques, particularly with the development of INEAs, offer the possibility for rapid and 
portable methods of trace iron determination in aqueous environments.   
Gold INEAs (∼100 nm wide, ∼50 nm high, ∼45 µm long and with ∼500 nm spacing) on a 
Si/SiO2 chip substrate. The arrays comprise two individually addressable interdigitated comb-
like structures designated as working electrode 1 (WE1, generator) and working electrode 2 
(WE2, collector). Following fabrication, electrochemical characterisation was performed in 
ferrocene monocarboxylic acid (FCA) in 10 mM phosphate buffered saline at pH 7.4 (PBS) 
in non-GC (WE1 or WE2 connected) and in GC mode (WE1 was swept while a constant 
potential was applied to WE2). In non-GC mode, the closely spaced INEAs effectively 
behave as microelectrodes with diffusion to the whole array area rather than hemispherical 
diffusion to each nanowire[18, 33].  By contrast, in GC-mode, the INEAs displayed 
significantly enhanced electrochemical behaviour arising from RC between adjacent 
nanowires and localised diffusion to each individual n nowire. At INEAs the local 
environment at the generator electrode can also be altered significantly by the potential 
imposed at the collector electrode leading to very different electrochemical responses in 














were in excellent agreement with experimental results, providing further insight into the 
molecular RC. To demonstrate the advantages of INEAs their suitability towards iron sensing 
for water quality analysis was also assessed.  
 
2. Experimental  
2.1 Chemical Reagents.   
Ferrocene Carboxylic Acid (C11H10FeO2, 97%) was purchased from Fluka. Iso-propyl 
Alcohol (Reagent Grade, 99%) and Hydrochloric Acid (HCl, 37%) were purchased from 
KMG Chemicals. Acetone (Analytical Grade, 99.5%), PBS (Tablets), iron (II) chloride 
tetrahydrate (Analytical Grade, 99% Fe) were purchased from Sigma-Aldrich and used as 
received. 
2.2 Interdigitated Nanowire Device Fabrication.   
On-chip devices containing gold interdigitated nanowire electrode arrays, a gold counter and 
a platinum pseudo-reference electrodes were fabricated using a combination of electron-beam 
and photolithography processes on Si/SiO2 substrates as described in detail previously[15].  
Interdigitated nanowires were patterned in resist by direct beam writing and metal 
evaporation (Ti/Au 5/50 nm) followed by standard lift-off techniques. Alignment marks were 
patterned along with this first metal layer to facilitate accurate positioning of subsequent 
optical lithography masks. Photolithography, metal evaporation (Ti/Au 10/90) and lift-off 
procedures were then employed to overlay electrical nterconnection tracks including 
peripheral probe pads. Two macroscale gold electrodes were also deposited during this 
process, one of which was used as a counter electrod . A further metal deposition step (Ti/Pt 
10/90 nm) onto one of these macroscale electrodes was undertaken to create an on-chip 














passivate the entire chip and windows selectively opened to contact the gold INEAs, the gold 
counter and platinum pseudo-reference electrodes. Openings were also patterned above 
peripheral contact pads to permit electrical connection. 
2.3 Structural and Electrical Characterisation.   
Optical micrographs were acquired using a calibrated microscope (Axioskop II, Carl Zeiss 
Ltd.) with a charge-coupled detector camera (CCD; DEI-750, Optronics). SEM images were 
obtained using a calibrated field emission FEI Quanta FEG 650 at beam voltages between 5 
and 30 kV. Two-point electrical measurements were prformed using a probe station (Model 
6200, Micromanipulator Probe Station) with a Keithley 2400 source meter and dedicated 
LabVIEWTM programme.  
2.4 Electrochemical cell and analysis.   
To perform electrochemical analysis and to complete d vice packaging, chips were mounted 
in a custom-built electrochemical cell as described elsewhere[10]. Spring loaded probes 
(PM4J micro probe, CRIMP or PLUG SOCKET for PM4 series and a pre-wired RM4T-
W700 terminal, Coda Systems Ltd.) made contact to the on-chip working, counter and 
pseudo-reference electrodes and (bi)potentiostat. The sample reservoir accommodated 150 
µL solution with a chemical resistant O-ring seal (Polymax Ltd.), 4.5 mm in diameter. All 
electrochemical experiments were performed at room te perature (20°C) using a CHI760C 
bipotentiostat under PC control and Faraday Cage CHI200C (CH Instruments).  
Prior to electrochemical experiments, electrodes were cleaned by sequential immersion for 10 
minutes each in acetone and iso-propyl alcohol, followed by a thorough rinse with deionised 
water and dried with a filtered stream of nitrogen. Cyclic voltammetry (CV) measurements 
were recorded in 0 to 1 mM FCA in 10 mM PBS (pH 7.4) solutions. We did not observe a 














analysis performed for multiple characterisation experiments and cycles. Standard solutions 
were prepared using iron (II) chloride tetrahydrate nd tap water acidified with HCl. Finally, 
the iron content in tap water was measured using a standard addition technique. Tap water 
aliquots were diluted 1:10 in deionised water, spiked with 0.1 to 0.5 µM iron and acidified to 
pH 3 with HCl.  Solutions were prepared using deionised water (18.2 MΩ cm, ELGA Pure 
Lab Ultra).  
2.5 Finite-Element Simulations.   
FCA concentration profiles at INEAs used in non-GC and in GC modes were simulated using 
the commercial software package Comsol Multiphysics® 5.1. The objectives of these 
simulations were to explore the effect of altering connected and non-connected electrodes on 
the diffusional behaviour of the INEAs and examine th influence of the collector electrode 
potential on redox reactions taking place at the generator for a range of scan rates. The 
simulations were based on our approach reported previously[6, 13, 15]. The models were 
implemented to mirror experimental conditions in 1 mM FCA in 10 mM PBS as described 
above. The electron transfer process of FCA/FCA+ is reversible, with both the oxidised and 
reduced forms soluble in solution with the associated diffusion coefficients assumed equal 
(5.4 × 10−6 cm2.s−1)[18], i.e., the sum of the concentration of both species is constant over the 
diffusion space and is assumed equal to the sum of their bulk concentration. An 
experimentally determined value of 0.15 V (vs. Pt) was employed for E0, the formal potential 
of FCA/FCA+.  A simplified two-dimensional model known as the diffusion domain 
approach was adopted. In this approach, each nanowire was modelled as a 50 × 100 nm 
rectangle located at the centre of a much larger rectangle (space domain). The space domain 
area was selected to be large enough to ensure bulk-like conditions at the external boundaries 
remained unaffected by the electrochemical processes occurring at the electrodes. 














3. Results and Discussion 
3.1 Structural and Electrical Characterisation.   
Structural characterisation of gold INEAs was performed using a combination of optical and 
scanning electron microscopy (SEM). Figure 1 (a) presents a schematic diagram showing the 
entire chip layout, while Figure 1 (b) is an optical image of the central area of the chip where 
the electrodes are located. Each chip contains twelve INEAs symmetrically located around a 
semi-circular gold counter electrode (CE) and a semi-circular platinum pseudo-reference 
electrode (PRE). Arrays comprise two individually addressable comb-like structures, WE1 
and WE2 interdigitated nanowires, see Figures 1 (c) and (d). Each interdigitated nanowire 
device, either WE1 or WE2 or both could be biased selectively vs. the on-chip CE and PRE 
using the spring-loaded probes in the custom-made smple holder. 
 
 
Figure 1: (a) Plan schematic diagram of a chip.  (b) Optical micrograph highlighting the 
central area containing twelve gold interdigitated nanowire WE1-WE2 devices located 
around a gold CE and a platinum PRE.  (c) SEM of gold interdigitated nanowire WE1-WE2 
electrode arrays.  (d) Higher magnification of (c).  
SEM characterisation demonstrated that no residual passivation layer remained on the 
electrodes surface and excellent registration between the nanowire electrodes and the overlaid 
interconnection tracks. Nanowires have a proud rectangular cross-sectional shape (as opposed 
to being inlaid or recessed) and the passivation window defined their electrochemically active 
length (typically 45 µm).  Their dimensions are ∼100 nm in width and ∼50 nm in height as 
previously reported[6, 10, 13] with an inter-nanowire distance of ∼500 nm. Standard two-














isolation between WE1 and WE2 prior to electrochemical analysis (data not shown). All 
functioning devices yielded very high resistances (∼10 GOhm) typical of an open circuit 
response.   
3.2 Simulations and Electrochemical Analysis.   
FCA was selected as a model molecule for a completely reversible single electron redox 
process[34]. The black line in Figure 2(a) shows the c aracteristic sigmoidal CV for a single 
gold nanowire electrode (∼100 nm wide, ∼50 nm high and ∼45 µm long); the current 
reaches a highly reproducible time-independent steady-state on the order of 1.0 nA. The 
corresponding simulations show that the diffusion layer thickness is much larger than the 
nanowire electrode dimensions throughout the cycle, in particular when the potential reaches 
the mid (0.15 V) and end (0.45 V) potentials as presented in Figures 2(c) and (d), 
respectively.  
Equivalent CVs were also obtained at gold interdigitated nanowire arrays in non-GC mode at 
WE1 (red line) and WE2 (blue line).  Both CVs have th  same shape with the current 
reaching a highly reproducible diffusion-limited oxidation peak with an average of about 9.5 
nA. In fact, as expected they almost perfectly overlap, thereby demonstrating the nearly 
identical electrochemical behaviour of the two side of the interdigitated arrays. However, 
while the electrode area of either side of the interdigitated nanowire arrays (∼6 x 10-6 cm2) is 
significantly (∼70 times) larger than that of a single nanowire (∼9 x 10-8 cm2), the current 
only increased by a factor of ∼9.5.  At this sweep rate and for the 500 nm electrode 
separation the diffusion fields overlap and rather than having the hemispherical diffusion 
field at each nanowire they instead experience linear diffusion to the entire array and a 
peaked CV response. Corresponding simulated concentratio  profiles are shown in Figures 














Consequently, in non-GC mode, WE1 and WE2 behave more as single microelectrodes 
occupying the same area as the overall array  and thus may be considered as microelectrodes 
of width 80.5 µm (i.e., the distance separating the outer two nanowires in the array) and 
length 45 µm. There remains a contribution of each nanowire to the diffusion flux and 
therefore the current achieved given the actual area of the nanowire electrodes is higher than 
would be predicted by diffusion control to a microelectrode which would be expected to yield 
a limiting current less than 7 nA. 
 
Figure 2: (a) Typical CVs for 1 mM FCA in 10 mM PBS between -0.15 and 0.45 V at 100 
mV.s-1. Signals were obtained at a single gold nanowire electrode (black line) and at gold 
nanowire interdigitated electrode arrays with 500 nm i ter-nanowire spacing. Arrays were 
used in non-GC mode: the potential of WE1 was swept while WE2 was disconnected (red 
line) and vice-versa (blue line). (b) and (c) Cross-sectional views of 2D simulations of FCA 
concentration profiles at a single nanowire electrode respectively at t = 3 s (0.15 V) and 6 s  
(0.45 V) at 100 mV.s-1. (d) and (e) are the equivalent cross-sectional representations at 
nanowire interdigitated electrode arrays with 500 nm inter-nanowire spacing in non-GC 
mode.  
 
CVs were then recorded in GC mode. As presented in Figure 3 (a), when WE2 was held at -
0.15 V (reducing potential for FCA+), the current measured at WE1 (solid red line) andt 
WE2 (dashed red line) are essentially the inverse of each other. FCA redox currents at WE1 
and WE2 reach a reproducible steady-state current ~7 times higher than the non-GC mode, 
thereby demonstrating improved individual nanowire behaviour. The currents are 














WE2 behaves as a single electrode[20, 37]. As the nanowires are only 500 nm apart and WE2 
maintains conditions favourable to the reduction of FCA+ species, RC occurs between WE1 
and WE2 as depicted in the schematic of Figure 3 (f), thus leading to the significant increase 
in current. The depletion of the Fe(II) species at the generator (WE1) electrode and the 
subsequent reduction of the Fe(III) product at the collector (WE2) electrode creates a local 
concentration gradient that shuttles the species between the GC electrodes unlike single 
electrodes or arrays employed in non-GC mode where the electrochemical response relies 
solely on mass transfer from the bulk solution. 
 
3.3 Effect of Collector Potential.  
In the GC mode CV experiments, species oxidised at WE1 were collected and reduced at 
WE2.  Under these conditions, the WE2 collection effici ncy, фWE2(-0.15), is defined as the 
ratio of the cathodic limiting current (absolute value) at WE2 to the anodic limiting current at 
WE1[21].  A 92.7% collection efficiency was measured, which demonstrates that redox 
species effectively diffused in cycles between the generator and collector, however a small 
percentage escaped to the bulk solution and was not collected at WE2. These observations 
were further investigated by the associated simulated concentration profiles. As shown in 
Figures 3 (b)-(c), while species produced at WE1 largely diffused to WE2 (and vice-versa) a 
minority also diffused into the bulk solution, vertically and at the outer nanowires. The 
diffusion layer established at WE1 necessitates an interaction with the bulk solution (see 
arrows). This behaviour is more apparent when the pot ntial at WE1 reaches 0.45 V (t = 6 s) 
compared to that at 0.15 V (t = 3 s) as the diffusion layer increases with time.   
By contrast, when the collector electrode WE2 was set to 0.45 V (oxidising potential), the 














previously. However, the current increase is not as efficient as that described above, i.e., the 
amplification vs. the non GC-mode is slightly lower (∼ factor of 6.5). This is probably due to 
the imposition of 0.45 V at WE2 creating an environment where a low oxidation current 
(approximately 5.5 nA) is seen for bulk species oxidation at WE1 when the potential reaches 
0.45 V. The WE2 collection efficiency, фWE2(0.45 V), was found to be 92.5%, i.e., the opposite 
redox process is as effective.  Consequently, the number of RC, NRC, for each FCA molecule 





        (1) 
Solving this equation yielded a value of ∼7 for RC, which correlates extremely well with the 
observed current amplification when using GC mode compared to non-GC at 100 mV.s-1 and 
indicates that the current amplification arises from a RC process between WE1 and WE2.  
Effectively, as the nanowires are close to each other and WE2 continuously oxidises the FCA 
species it creates an environment around the nanowires rich in FCA+ while the bulk solution 
is FCA.  This shows that for a simple open electrode arrangement as opposed to the more 
complex nano-well type electrodes, in a bulk solutin of FCA, the environment of the 
electrode can be altered by controlling the collector electrode potential and the reacted 
product, in this case FCA+, can be detected with an amplified signal as a result of RC. The 
simulated concentration profiles are again in excellent agreement with experimental 
observations: Figures 3 (d)-(e) show bulk/reductive sp cies are readily oxidised at WE2 and a 
constant supply of oxidative species is maintained at WE1; when the potential at WE1 
reaches 0.45 V (t = 6 s) a very small oxidation current is recorded at both electrodes but since 
both are at positive potentials there is no RC or hemispherical diffusion field and the current 














The collector electrode WE2 was also poised at the intermediate value of 0.15 V, see purple 
lines in Figure 3 (a). This biasing condition is betw en the completely oxidised and reduced 
extremities described previously. At t = 0 s, the applied potential at WE2 is sufficient to 
oxidise some FCA molecules which diffuse to and are reduced at WE1. Thus a RC process is 
again established but the measured current at both electrodes is lower due to the lower 
applied potential differential. As the applied potential increases at WE1, the measured current 
decreases. At t = 3 s, WE1 reaches 0.15 V and a similar situation to Figure 3 (a) (green lines) 
arises in that all oxidisable FCA molecules are deplet d and negligible current is measured at 
WE1 or WE2. As the CV continues and the applied bias to WE1 increases beyond 0.15V, the 
RC process again begins but this is inverted compared to that at lower potentials. At t = 6 s, 
FCA molecules oxidised at WE1 diffuse to and are reduc d at WE2. This situation arises 
since at 0.15 V WE2 may oxidise FCA or reduce FCA+ with equal feasibility. This 
demonstrates that judicious selection of the collector electrode bias can selectively alter the 
chemistry of the local environment in close proximity to the electrodes. This can be utilised 
to selectively remove interferent species while the RC process enhances the analyte signal.  
 
Figure 3: (a) Typical CVs for 1 mM FCA in 10 mM PBS from -0.15 to 0.45 V at 100 mV.s-1. 
CV signals were obtained at gold INEAs with 500 nm inter-nanowire spacing. Arrays were 
used in GC mode: the potential of WE1 was swept while t e potential of WE2 was held at -
0.15 V (red lines), 0.15 V (blue lines) or 0.45 V (green lines). The current was measured at 
both WE1 (solid lines) and WE2 (dashed lines). Corresponding cross-sectional view of 2D 
simulations of FCA concentration profiles during the CV in GC mode at 100 mV.s-1 at t = 3 s 
and 6 s, respectively, with the collector potential (b, c) -0.15 V and (d, e) 0.45 V. (f) 














3.4 Effect of Scan Rate.   
CVs in 1 mM FCA in 10 mM PBS in GC-mode with WE2 biased at -0.15 V were repeated 
for a range of scan rates. As presented in Figure 4 (a), interdigitated gold nanowire electrodes 
typically display sigmoidal CVs (only results for 5 and 5000 mV.s-1 are shown for clarity) 
with the current reaching a highly reproducible time-independent steady-state at both WE1 
(solid lines) and WE2 (dashed lines) arising from the RC process. Of note, the slight 
hysteresis in the WE1 currents is associated with charging currents which are more 
pronounced at higher scan rates. This clearly indicates that the rate of FCA replenishment 
was sufficient at WE1 regardless of the analysis time (on the order of 100 ms at 5000 mV.s-1 
and 100 s at 5 mV.s-1), while bulk-like conditions remained unchanged at WE2. In other 
words, at high scan rates both the generator and collector currents may reach steady-state 
within a hundred milliseconds, thus opening the door f r the investigation of electron-transfer 
processes over extremely short electrolysis times. Furthermore, the corresponding simulated 
concentration profiles are in excellent agreement with experimental observations as no 
significant differences are observed between that at 5, 100 and 5000 mV.s-1, Figures 3 (c) and 
4 (b)-(c).   
As briefly discussed above, high signal-to-noise ratios were achieved, unlike conventional 
electrodes for which faradaic signals may become swamped by background currents 
especially at high scan rates. Background currents principally arise from an electrical double 
layer of charged species which form at the electrode surface when a potential bias is applied. 
CV experiments were undertaken in 10 mM PBS solution without the redox active FCA to 
assess charging currents contributions. At WE1 (generator), the non-faradaic currents 
increased linearly with increasing scan rates from less than 0.1 nA at 5 mV.s−1 to about 5.6 
nA at 5000 mV.s−1 (average of forward and reverse scans) indicating a capacitance on the 














indicating a capacitance <0.3 nF; see Figure 5. The charging currents detected at the collector 
electrode has been attributed to imperfect insulation between the generator and collector 
electrodes which can lead to charge leakage[17, 29].     
 
Figure 4: (a) Typical CVs at gold nanowire interdigitated electrode arrays with 500 nm inter-
nanowire spacing in 1 mM FCA in 10 mM PBS between -0.15 and 0.45 V (vs. Pt) at 5 and 
5000 mV.s-1. Arrays were used in GC mode: the potential of WE1 was swept while the 
potential of WE2 was held at -0.15 V. The current was measured at both WE1 (solid lines) 
and WE2 (dashed lines). (b)-(c) Cross-sectional view of 2D simulations of FCA 
concentration profiles corresponding to CVs when the potential at WE1 reaches 0.45 V and 
was swept at 5 and 5000 mV.s-1, respectively.   
 
Figure 5: (a) (b) Average of forward and reverse non-faradaic currents at WE1 (red squares) 
and WE2 (blue squares) vs. scan rate (for WE1) from typical CVs in 10 mM PBS only 
(without redox active FCA) at a gold nanowire interdigitated electrode array with 500 nm 
inter-nanowire spacing. The array was used in  
GC mode: the potential of WE1 was swept from -0.15 to 0.45 V for the scan rates shown 
while the potential of WE2 was held at -0.15 V.   
Digital subtraction of the background currents from the overall recorded signals (not shown) 
further demonstrates that CVs at WE1 and WE2 consisted essentially of faradaic currents, 
i.e., only signals at WE1 were slightly affected by charging currents for high scan rates (≥ 
2000 mV.s-1). The slight distortions of the fast sweep CVs caused collection efficiencies to 















3.5 Effect of Analyte Concentration.   
CVs in GC-mode over a range of scan rates and with WE2 biased at -0.15 V were undertaken 
in triplicate in 0.1, 0.2, 0.5, 0.75 and 1 mM FCA in 10 mM PBS solutions in order to further 
study the sensitivity of gold interdigitated nanowire electrodes. All recorded signals were 
sigmoidal as shown in figure 6 (a) and exhibited highly reproducible current magnitudes as 
summarised in Figure 6 (b) which includes the error ba s for the triplicate readings and 
demonstrates that the steady state currents were proportional to FCA concentration from 0.1 
to 1 mM (R2 = 0.978) at both WE1 (red squares) and WE2 (blue squares) at 100 mV.s-1. 
Furthermore, this behaviour was observed for all scan rates with only small variations 
observed in the slopes and intercepts which are likely due to interferences caused by the 
charging currents discussed above. This shows that high signal-to-noise ratios were achieved 
even at high scan rates, thus permitting rapid (within milliseconds) quantitative analysis to be 
undertaken and that both the generator and collector currents can be used for calibration 
purposes.  
 
Figure 6: (a) Typical CVs (vs. Pt) in 0 to 1 mM FCA in 10 mM PBS at a gold INEA with 
500 nm inter-nanowire spacing. The array was used in GC mode: the potential of WE1 was 
swept from -0.15 to 0.45 to -0.15 V at 100 mV.s-1 while the potential of WE2 was held at -
0.15 V. (b) Quasi steady-state currents measured at WE1 (red squares) and WE2 (blue 
squares) vs. FCA concentration.  














To explore the suitability of fully integrated gold INEAs towards future sensing applications, 
CV measurements in GC mode were undertaken for a range of iron concentrations in HCl 
solutions across an applied potential range of 0.2 to 1.0 V (vs. Pt) at 100 mV.s-1. The 
potential at WE2 was held at a reductive potential (0.4 V vs. Pt), i.e., a potential established 
experimentally to be favourable to the RC of Fe3+/Fe2+ between WE1 and WE2. Iron was 
selected as the analyte of choice due to its reversibl  electrochemical properties and its 
importance in environmental and health applications[38-40]. It is commonly found in both its 
ferrous and ferric states, which are soluble in acidic aqueous solutions but precipitate at 
neutral pH and above[40]. As HCl has been found to facilitate the reversible redox processes 
of Fe3+/Fe2+, it was selected as the background electrolyte [41]. To this end, 1 mM (pH 3), 10 
mM (pH 2) and 100 mM (pH 1) HCl solutions were investigated. 1 mM HCl was found to 
give rise to the maximum iron oxidation peak and thus was chosen as the background 
electrolyte. No damage to the nanowire electrodes arising from the presence of the acidic 
aqueous media was observed, however cycling from over -0.9 to 0.8 V (i.e., outside hydrogen 
evolution and prior to gold dissolution[41]) in 1 mM HCl prior to each measurement in iron 
solution was required as a surface activation step to obtain stable reproducible signals. 
CV studies in GC mode were performed at the optimised conditions in 0 to 40 µM Fe2+ (0 to 
2234 µg.L-1) in 1 mM HCl solutions. As seen in Figure 7 (a), on the forward scan at WE1 a 
well-defined oxidation peak at around 0.6-0.7 V was typically recorded in the absence of 
iron. This peak arises from gold oxide layers formation at the gold surface[41], for which a 
corresponding reduction peak was recorded on the rev rs  scan at about 0.2-0.3 V. No 
additional peaks were recorded in the presence of iron other than the increase in the anodic 
pre-peak at ~0.7 V for increasing iron concentrations. Low coverage gold oxides (which are 
reformed during the activation step in 1 mM HCl) are known to effectively promote electron 














recorded analyte signal and the background oxide formation current. This was demonstrated 
across a range of iron concentrations, see Figure 7 (b). The oxidation peak currents at WE1 
were found to be directly proportional to the iron concentration (R2 = 0.995) with the 
intercept equal to the oxide formation current in 1 mM HCl and collection efficiencies on the 
order of 60%.  
 
Figure 7: (a) Typical CVs (vs. Pt) in 0-40 µM Fe2+ in 1 mM HCl (pH 3) between 0.2 and 1.0 
V at 100 mV.s-1 for gold nanowire interdigitated electrode arrays with 500 nm inter-nanowire 
spacing. Arrays were used in GC mode: the potential of WE1 was swept while the potential 
of WE2 was held at 0.4 V (vs. Pt). The current was measured at both WE1 (solid lines) and 
WE2 (dashed lines). (b) Peak currents measured at WE1 vs. Fe2+ concentration.  
The peak behaviour is likely due to the compact gold xide formation as the sweep is 
continued to higher positive potentials which ultimately inhibits the continuing reaction for 
the iron species. The collector electrode was maintained at a constant potential and as such 
the data at the collector electrode is not from a potential sweep experiment. The plotted 
current is due to the diffusion controlled current response to the reaction at the generator 
electrode and therefore as its current rises the observed current response at the collector 
electrode rises and when it peaks and falls at the generator the inverse peaked response is 
seen at the collector.  
The gold reduction peak at WE1 was found to be very r producible for all solutions, which 
strongly supports that the oxidation of iron (II) occurs around the same potential as the gold 
oxides formation. The presence of an increasing current at the collector electrode for the 
reduction of the reacted Fe3+ demonstrates that it remains in solution and can be detected 














compared to that for FCA/FCA+ may be attributed to a weaker reversibility of the Fe2+/Fe3+ 
couple.  
Based on the obtained calibration curves and multiple replicates in the background solution, 
the LOD was calculated to be on the order of 0.01 µM (0.6 µg.L-1).  Analysis performed over 
the same 0 to 40 µM Fe2+ range in non-GC mode indicated a significantly higher LOD of 
0.44 µM (24.6 µg.L-1) which further demonstrates the benefits of GC mode analysis for Fe2+ 
detection in water. In order to overcome any matrix effects arising from the unknown tap 
water composition, the iron content was measured using a standard addition technique. In this 
approach, measurements were carried out for a range of tap water aliquots diluted 1:10 in 
deionised water spiked with 0.1 to 0.5 µM iron and cidified to pH 3 with HCl. As can be 
seen in Figure 8 (a), recorded signals display the same shape as that in Figure 7 (a), in 
particular the gold reduction peak was approximately of the same magnitude as previously 
seen for all solutions. However the position of the peaks shifted by about 0.1 V (likely due to 
the slight variability of the platinum quasi-referenc  electrode), consequently the potential 
window was adjusted accordingly. As depicted in Figure 8 (b), the peak currents at WE1 
were also found to be directly proportional to the iron concentration (R2 = 0.995) yielding an 
average iron content of 2.4 ± 1.0 µM. 
 
Figure 8: (a) Typical CVs (vs. Pt) between 0 and 1 V at 100 mV.s-1 in aliquots of tap water 
1:10 diluted, spiked with 0.1 to 0.5 µM Fe2+ and acidified to pH 3 with 1 mM HCl for gold 
nanowire interdigitated electrode arrays with 500 nm i ter-nanowire spacing. Arrays were 
used in GC mode: the potential of WE1 was swept while t e potential of WE2 was held at 0.4 
V (vs. Pt). The current was measured at both WE1 (solid lines) and WE2 (dashed lines). (b) 
















Interdigitated gold nanowire electrode arrays with reproducible dimensions (∼100 nm wide, 
∼50 nm high, ∼45 µm long and ∼500 nm spacing) were fabricated on a Si/SiO2 chip 
substrates. When employed in GC mode, interdigitated arrays displayed significantly 
enhanced electrochemical behaviour arising from RC processes, e.g., fast establishment 
(within a hundred milliseconds at 5000 mV.s-1) of steady-state conditions, increased signal to 
noise ratios and increased sensitivity while also alowing quantitative detection at much lower 
concentrations. Simulations of analyte diffusion of the system were in excellent agreement 
with experimental results. Both simulations and experiments showed that for a relatively 
simple interdigitated nanowire array exposed to bulk solution the environment of the 
electrodes could be altered such that the product of the electrochemical reaction can be 
detected with an amplified signal in GC mode analysis. The neighbouring nanoelectrode can 
therefore act as a switch for electrochemical respon es depending on its imposed potential 
which opens up a wider range of detection capability for the already versatile electrochemical 
approach. Finally, the suitability of gold INEAs towards iron sensing was demonstrated in the 
0.5 to 40 µM (28 to 2234 µg.L-1) concentration range with an LOD on the order of 0.01 µM 
(0.6 µg.L-1), which is well below the 200 µg.L-1 permitted concentration limit for iron in 
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• When employed in generator-collector mode, interdigitated nanoelectrode arrays 
displayed significantly enhanced electrochemical behaviour arising from redox 
cycling processes, e.g., fast establishment (within a hundred milliseconds at 5000 
mV.s-1) of steady-state conditions. 
• Simulations of analyte diffusion were in excellent agreement with experimental 
results.  
• Both simulations and experiments showed that for a rel tively simple interdigitated 
nanowire array exposed to bulk solution the environme t of the electrodes could be 
altered such that the product of the electrochemical reaction can be detected with an 
amplified signal in GC mode analysis.  
• The suitability of the nanoelectrode array to iron sensing was demonstrated in the 0.5 
to 40 µM (28 to 2234 µg.L-1) concentration range with an LOD on the order of 0.01 
µM (0.6 µg.L-1), which is well below the 200 µg.L-1 permitted concentration limit for 
iron in drinking water in Europe.  
 
